Pancreatic ductal adenocarcinoma (PDAC) adopts several unique metabolic strategies to support primary tumor growth. Whether additional metabolic strategies are adopted to support metastatic tumorigenesis is less clear. This could be particularly relevant for distant metastasis, which often follows a rapidly progressive clinical course. Here we report that PDAC distant metastases evolve a unique series of metabolic reactions to maintain activation of the anabolic glucose enzyme phosphogluconate dehydrogenase (PGD). PGD catalytic activity was recurrently elevated across distant metastases, and modulating PGD activity levels dictated tumorigenic capacity. Metabolomics data raised the possibility that distant metastases evolved a core pentose conversion pathway (PCP) that converted glucose-derived metabolites into PGD substrate, thereby hyperactivating the enzyme. Consistent with this, each individual metabolite in the PCP stimulated PGD catalysis in distant metastases, and knockdown of each individual PCP enzyme selectively impaired tumorigenesis. We propose that the PCP manufactures PGD substrate outside of the rate-limiting oxidative pentose phosphate pathway (oxPPP). This enables PGD-dependent tumorigenesis by providing adequate substrate to fuel high catalytic activity, and raises the possibility that PDAC distant metastases adopt their own unique metabolic strategies to support tumor growth.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal of all human malignancies, and is projected to become the second leading cause of cancer deaths in the coming years [1] . That is because most patients develop widely metastatic disease that progresses rapidly and is treatment-resistant [2, 3] .
PDAC evolves through well-defined stages of progression: benign in situ precursor lesions (for example, PanINs), invasive primary tumor growth, subclonal evolution, metastatic spread, and patient death [4, 5] . Approximately 70% of PDAC patients die of widely metastatic disease [6, 7] . One form of metastatic spread is intra-abdominal deposits (peritoneal carcinomatosis). The other is distant metastasis [7] . Distant metastasis is a terminal process whereby a subset of malignant cells exit the primary tumor, disseminate in the bloodstream, colonize other organs, and successfully form treatment-resistant metastatic tumors there [8] . In PDAC patients, the distant metastatic disease often presents suddenly and progresses rapidly: most patients are either initially diagnosed with widespread distant metastasis or develop it soon thereafter, and death ensues within weeks to months [3, 9] . This also extends to patients without evidence of metastasis at diagnosis: over half are dead of widespread distant metastasis within 12-24 months [7, 9] .
The accelerated progression of PDAC distant metastasis remains enigmatic. Although tumor cell dissemination begins early in progression [10] , clinically-relevant distant metastases appear late and are seeded by the latestappearing subclones that evolve within the primary pancreatic tumor [11] . Once established, distant metastases progress rapidly despite relatively modest proliferation rates [11] [12] [13] . At autopsy, this manifests as hundreds to thousands of grossly visible metastatic tumors that diffusely involve the liver and/or lungs [6, 7] . Although exhaustive efforts have attempted to identify metastasis-specific genetic alterations that might drive this process, all known driver mutations [11, 12, [14] [15] [16] [17] and consequential copy number changes [15] [16] [17] [18] [19] [20] are shared between the primary tumor and metastases, including those required for metastasis itself [21] [22] [23] [24] . Thus, it remains unclear whether additional mechanisms are selected during disease evolution to uniquely support metastatic tumorigenesis.
We recently reported that human PDACs evolved strong phosphogluconate dehydrogenase (PGD) dependence during the evolution of distant metastasis [13] . PGD is a biosynthetic enzyme that converts glucose-derived substrates into NADPH and pentose riboside precursors. PGD loss-offunction selectively reversed anabolic glucose metabolism, reprogrammed epigenetic state, malignant gene expression, and tumorigenesis in PDAC distant metastatic subclones with no effect on PGD-independent controls [13] . It is wellestablished that primary PDACs rely on several unusual metabolic adaptations to support tumorigenesis within the dense and nutrient-poor primary tumor stroma [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , which may itself act as a barrier against metastasis [32] . Here we report that human PDAC distant metastases rely on an equally unusual series of pentose conversion reactions to support PGD-dependent tumorigenesis.
Results and discussion
We previously identified PGD dependence in PDAC distant metastases using a unique panel of clonal cell lines isolated from PDAC patients by rapid autopsies. These low passage cells are particularly suited to investigate human PDAC evolution, since they represent sequence-verified subclones that faithfully retain the morphologic, genetic, epigenomic, transcriptomic, and phenotypic characteristics of the parental tissues from which they were derived [6, 7, 12, 13, 15] . As such, these samples were employed to further investigate the mechanisms whereby PGD dependence was selected during the evolution of distant metastasis in these patients.
We initially identified PGD as a potentially important pro-metastatic driver gene because steady state levels of PGD substrate (6-phosphogluconate: 6PG) were strongly and recurrently depleted across distant metastatic subclones by liquid chromatography followed by high resolution mass spectrometry (LC-HRMS) metabolomics experiments [13] . Because PGD is not genetically altered [11, 12, 15, 17] and expression levels did not explain these findings [12, 13] , we hypothesized that substrate depletion reflected high catalytic activity [13] . To more formally test this hypothesis, we measured PGD catalytic activity within cell extracts harvested from PGD-dependent distant metastases [13] and compared activity levels to PGD-independent control cells [13] . These experiments revealed that PGD-dependent subclones possessed variable yet recurrently elevated endogenous catalytic activity relative to control cells (Fig.  1a) . This included matched liver and lung metastatic subclones that had diverged from a peritoneal subclone in the same patient (patient 38), a primary tumor subclone that seeded a matched lung metastasis in another patient (patient 13), matched liver and lung metastases from yet another patient (patient 2), and individual distant metastases isolated from additional patients. Thus, PGD catalytic activity was recurrently elevated in distant metastatic subclones isolated from different PDAC patients and in phylogeneticallyrelated subclones that evolved within the same patient(s).
Our previous studies [13] showed that PGD knockdown with siRNAs or PGD inhibition with 6-aminonicotinamide (6AN) [38] recurrently impaired the intrinsic ability of distant metastatic subclones to form homotypic tumors (tumoroids) in 3D experimental platforms, with no effect on PGD-independent controls. 3D tumoroid assays [13, [39] [40] [41] were required to investigate the tumorigenic properties of rapid autopsy subclones, since these cells did not effectively form metastatic tumors in immunodeficient mice [13] . We therefore wished to extend these findings by more fully examining the consequences of modulating PGD function on tumorigenic capacity. First, shRNA approaches were used to generate stable PGD knockdown in a lung metastasis (38Lg: PGD-dependent) and a matched peritoneal deposit (38Per: PGD-independent) isolated from the same patient. Similar to our previous observations by acute knockdown with siRNA [13] (for example, Fig. 1b ), stable shRNA knockdown strongly impaired 3D tumoroid growth in 38Lg but not 38Per (Fig. 1c) . To determine if RNAi effects could be rescued by physiologically relevant reexpression of PGD, full-length exogenous PGD was introduced and expressed to modest levels in 38Lg (Supplementary Fig. 1a ), followed by knockdown of the endogenous gene with siRNAs targeted to the 3′-UTR. Because exogenous PGD transcripts were modestly expressed and resistant to 3′-UTR knockdown, exogenous PGD expression was retained at physiologic levels that were Fig. 1 PGD enzyme activity dictates tumorigenic capacity. a PGD enzyme assays were performed on cell extracts isolated from each low passage (<15), sequence-verified clonal PDAC distant metastasis, and control cells as indicated. For all 2D culture expansions, cells were grown in DMEM with 10% FBS and were free of mycoplasma (Sigma LookOut). For enzyme assays, cells were lysed and the extracts filtered through Amicon 10K columns to remove endogenous metabolites. Protein concentration was then measured with BCA (Pierce), and 10 µg of protein (in 10 µl) was incubated with 0.2 mM NADP (Sigma) and 0.4 mM 6PG (Sigma) in 90 µl of reaction buffer (50 mM Tris, pH = 8; 1 mM MgCl 2 ; complete EDTA-free protease inhibitors) in a 96-well plate. NADPH absorbance (340 nm) was measured over 10 min and nmol NADPH produced was determined from a standard curve. For these and all subsequent enzyme assay experiments, measurements were performed in triplicate, nonspecific background absorbance was subtracted from each replicate, and NADPH production rates (ΔNADPH) were calculated as nmol NADPH/min/mg protein. b 38Lg and 38Per cells were transfected with control (siNeg) or PGD siRNAs as described [13] , trypsinized into single cells, and grown in 3D suspension Matrigel assays, also as described in [13] . For these and all other Matrigel suspension assays, 4000 cells/well were plated into low attachment 24-well plates in quadruplicate, and tumoroid growth monitored over a period of approximately 3 weeks with 100 µl media (DMEM with 5% Matrigel and 2% FBS) feeds every 5-7 days. Tumor numbers were counted at the end of the experiment, and tumor area was quantified using CellSens software (n = 15 tumors across 5-10 microscopic fields). c Stable 38Lg and 38Per cell lines were generated by lentiviral transduction and puromycin selection using non-targeting control shRNAs (Sigma) and two separate PGD shRNAs (shRNA #1: genic region; shRNA #2: 3′-UTR; Sigma TRCN274974 and TRCN274976). Although proliferation rates in 2D were not impaired (data not shown), 3D tumoroid growth was significantly impaired in 38Lg shPGD cells. Western blots demonstrated efficient knockdown of PGD protein in 38Lg and the 38Per controls, with no effects on total ERK 1/2 levels (antibodies: Cell Signaling 13389 and 4696). d 38Lg and 38Per cells were plated in 3D with complete media supplemented with (+6PG) or without (−6PG) 5 mM 6PG. 6PG significantly increased tumoroid size in 38Lg. e Four separate Crispr clones (#1, #2, #3, and #4) were generated for 38Lg with viral transduction followed by puromycin selection using a Crisper sgRNA targeted to exon 8, which encodes the 6PG substrate binding region (Sigma LentiCrispr, ccctggaatacggcgtacccgtc). Effects on 3D tumoroid size mirrored PGD catalytic activity, as measured by PGD enzyme assays. For all experiments in this figure, statistical significance was calculated using 2-tailed t-tests (*p < 0.05; **p ≤ 0.001; ***p ≤ 0.0001) higher than knockdown of the endogenous gene yet still comparable with or even lower than baseline controls during RNAi experiments (Supplementary Fig. 1b ). Consistent with a physiologic rescue, exogenous PGD fully or nearfully restored 3D tumoroid growth in response to multiple 3′-UTR siRNAs (Supplementary Fig. 1c ). Having established that RNAi loss-of-function strongly impaired tumorigenesis, we next tested if provision of exogenous 6PG substrate might enhance tumorigenesis, since 6PG is rate-limiting for high PGD activity. Indeed, 6PG greatly increased the size of 38Lg tumoroids with no effect on 38Per (Fig. 1d) . Finally, we generated stable PGD mutant lines for 38Lg using Crispr/Cas small guide RNA (sgRNA) targeted to the PGD substrate binding region. This strategy was employed because Crispr mutations in specific domains more precisely modulate gene function than conventional 5′-truncations [42] . Remarkably, the same sgRNA sequence generated a mixture of clones that possessed gain-offunction or loss-of-function tumorigenic phenotypes in 3D that closely mirrored their effects on PGD catalytic activity (Fig. 1e ) and protein expression ( Supplementary Fig. 1d ). Sequencing of PGD mRNA transcripts from these clones detected heterozygous frameshift rearrangements in loss-offunction clones and similar point mutations in gain-offunction clones that were all present within the region targeted by the sgRNA (Supplementary Fig. 1e ). Collectively, these findings validated our previous results [13] , and strongly suggested that PGD functional status is a key determinant of tumorigenic capacity.
There are several diverse biochemical mechanisms that may act directly on the PGD protein itself to regulate catalytic activity [43] [44] [45] [46] [47] [48] [49] , which could vary among different patients [13] . However, none are functional without provision of adequate substrate, which is rate-limiting as reflected in our metabolomics data [13] and by 6PG supplementation in 3D (Fig. 1d) . The oxidative pentose phosphate pathway (oxPPP) is the canonical route to 6PG production in normal and neoplastic cells, but is itself rate-limited by an upstream G6PD gatekeeper step that is subject to tight negative feedback controls [50] . Thus, G6PD restricts how much 6PG can be produced to fuel PGD catalysis through the oxPPP. Furthermore, G6PD is dispensable in mouse models of PDAC [37] , and LC-HRMS metabolomics experiments suggested that the G6PD substrate (G6P) did not accumulate to high levels during PGD inhibition (Fig. 2a) . This finding contrasted with our previous observations for 6PG [13] , and raised the intriguing possibility that PGD might not operate entirely within the oxPPP in distant metastases. We therefore examined other glucose-derived metabolites by LC-HRMS in order to identify alternative reactions that might lie upstream of PGD, which we hypothesized would manifest as large elevations in signal during PGD inhibition (similar to 6PG). This analysis identified three structurallyrelated uronic-aldonic acids that showed striking elevations (Fig. 2a) . Remarkably, these metabolites could be ordered into a linear series of reactions that connected glucose to 6PG outside the PPP, which strongly resembled a core pentose conversion pathway (PCP; Fig. 2b ). We therefore tested the possibility that a PCP was selected in distant metastases to stimulate high PGD catalytic activity and support PGD-dependent tumorigenesis.
We first asked whether the PCP substrates might selectively maintain high PGD catalysis in distant metastases, as predicted if these are converted to 6PG upstream of the PGD reaction. To address this possibility in-depth, we performed a series of PGD enzyme assays on cell extracts harvested from PGD-dependent liver and lung metastases and control extracts harvested from a PGD-independent peritoneal metastasis from the same patient. Immortalized, non-malignant human pancreatic ductal epithelial cells were also included as an additional control. Strikingly, each PCP substrate was able to substitute for 6PG in enzyme assays and selectively produce NADPH in liver and lung metastases (Fig. 2c ) over a range of concentrations (Supplementary Fig. 2a) , as predicted if the PCP activates PGD-driven NADPH production (Fig. 2b) . This was dependent on the presence of ATP (Fig. 2d) , which is also predicted since step 4 of the pathway requires a gluconate kinase (Fig. 2b) . Another prediction is that pre-incubating extracts with PCP substrates and ATP prior to PGD activation (with NADP) would accelerate reaction rates, since flux of each substrate would be drawn forward into the pathway resulting in 6PG accumulation ( Supplementary Fig. 2b ). Consistent with this, pre-incubation of extracts with each PCP substrate and ATP ("ATP primed"), followed by activation of PGD with NADP, strongly accelerated NADPH production relative to steady state rates (Fig. 2d, Supplementary Fig. 2c ). Finally, both acute (siRNA) and stable (shRNA) knockdown of PGD blocked NADPH production from PCP substrates with comparable efficacy as 6PG itself (Fig. 2e) , confirming that PCP-driven NADPH production reflected the activation of PGD. Thus, each pentose substrate selectively activated PGD catalysis according to predictions of the PCP model. Specific enzymes have been reported to catalyze forward reactions [51] [52] [53] that are predicted to lie within the PCP (Fig. 2b) . We therefore tested whether these enzymes were required to selectively maintain tumorigenic capacity in distant metastases, as would be expected if they function upstream of PGD. Remarkably, RNAi knockdown of each individual PCP enzyme (UGDH, AKR1A1, and IDNK) recurrently impaired 3D tumorigenesis across distant metastatic subclones with comparable efficacy as PGD knockdown, which we replicated across three separate 3D tumor forming assays ( Figs. 3 and 4; Supplementary Fig. 3 ). In contrast, we observed minimal effects on 3D tumorigenesis across a panel of PGD-independent control cells, Step 1: Glucose is shunted to UDP-Glucose-6-Dehydrogenase (UGDH), which generates UDP-glucuronate. A host of enzymes can then catalyze the hydrolysis of UDPglucuronate to glucuronate.
Step 2: Glucuronate is converted to gulonate by Aldo-Keto Reductase 1A1 (AKR1A1).
Step 3: Gulonate is converted to gluconate. The absence of a functional gulonolactone oxidase in humans prevents gulonate or gluconate from exiting the PCP and entering into the ascorbic acid biosynthetic pathway.
Step 4: Gluconate is phosphorylated to 6PG by Gluconokinase (IDNK), which requires ATP.
Step 5: PGD catalysis consumes the 6PG to produce NADPH, which is measured by PGD enzyme assays. c Enzyme assays were conducted by incubating 50 µg of cell extracts with 0.2 mM NADP, 0.8 mM of the indicated PCP substrates, and 2 mM ATP. PCP metabolites selectively stimulated PGD activity in liver and lung metastases but not control cells. d Enzyme assays were performed on the lung metastasis from panel c, for the indicated conditions. Reactions failed to proceed in the absence of ATP ("No ATP"), and pre-incubating extracts with ATP for 1 h at 37°C prior to addition of NADP ("ATP Primed") resulted in a sharp initial acceleration in NADPH production upon addition of NADP, which then settled back to steady state rates ("Steady State"). e RNAi (siRNA, shRNA) against PGD blocked the ability of PCP enzymes to stimulate NADPH production in enzyme assays, confirming that the upstream PCP reactions were PGD-dependent. For all experiments in this figure, statistical significance was calculated using 2-tailed t-tests (*p < 0.05) Fig. 3 PCP enzymes are required for 3D tumorigenesis (Matrigel embedding assays). Cells isolated from the distant metastatic subclones indicated were transfected with non-targeting control siRNAs (siNeg) or siRNAs against the indicated genes (Sigma), trypsinized into single cells, and 1000 cells were embedded in 50 µl of Matrigel discs in triplicate, similar to conventional organoid assays [54] using DMEM with 10% FBS and no additional supplements. Tumoroids were photographed and counted after 3 weeks of tumoroid growth. Knockdown of each individual PCP enzyme impaired tumoroid growth relative to siNeg controls, similar to PGD (see Supplementary  Fig. 4 for knockdown efficacies). Statistical significance was calculated using 2-tailed t-tests (*p < 0.05) despite efficient knockdowns ( Supplementary Fig. 4) . Thus, each enzyme predicted to lie within the PCP was required to support the tumorigenic capacity of distant metastatic subclones, similar to PGD.
Collectively, our results define a metastasis-intrinsic series of pentose conversion reactions that support PGDdependent tumorigenesis. We hypothesize that these reactions were selected during the evolution of distant Fig. 4 PCP enzymes are required for 3D tumorigenesis (suspension Matrigel assays). Cells isolated from the distant metastatic subclones indicated were transfected with non-targeting control siRNAs (siNeg) or siRNAs against the indicated genes (Sigma), trypsinized into single cells, and 4000 cells/well were plated in suspension Matrigel assays as previously described (Fig. 1) . Similar to embedding assays, knockdown of each PCP enzyme impaired tumoroid growth relative to siNeg controls. Statistical significance was calculated using 2-tailed t-tests (*p < 0.05; **p ≤ 0.001) metastasis to manufacture PGD substrate outside of the ratelimiting oxPPP (Fig. 2b) , thereby enabling high PGD catalytic activity. We caution that pleiotropic effects of the upstream PCP components (glucuronate) or unknown functions of the sparsely-studied downstream components (gulonate and gluconate) could also influence processes outside of the PCP. For example, UGDH catalyzes the formation of UDP-glucuronate from UDP-glucose. A large number of downstream enzymes are able to hydrolyze UDP-glucuronate to glucuronate, which can then be used for proteoglycan synthesis or glucuronidation reactions [51] outside the PCP. However, glucuronate that does not enter these other pathways (or is salvaged from them) is converted to gulonate by AKR1A1 [51, 52] . Gulonate and gluconate may be especially suited to enter the PCP (Fig.  2b) , since humans have lost the ability to divert the lactone forms of these pentoses into the ascorbic acid biosynthetic pathway [52] . We also predict that an enzymatic activity is required to convert gulonate into gluconate, which we are pursuing in other studies. Finally, it remains a formal possibility that glucuronate or gulonate could also serve as direct precursors of 6PG, which would require additional glucuronate or gulonate kinase activities, similar to the gluconate kinase activity of IDNK.
Primary PDACs rely on genetically-encoded metabolic adaptations to support tumorigenesis under hypoglycemic conditions, as found within their dense stromal microenvironment. Our findings raise the possibility that distant metastases evolve additional metabolic adaptations to support tumorigenesis under glucose-replete conditions, as found along the metastatic route. The PCP could represent one of many such adaptations, and it is possible that regulatory inputs from other pathways may influence flux through the core PCP itself. Because distant metastases are strongly PGDdependent, targeting unique adaptations such as the PCP that enable and/or reward this vulnerability could represent an effective therapeutic strategy against metastatic PDAC, which remains one of the most lethal of all human malignancies.
